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INTRODUCTION 
Through the advancement fnd application of knowledge 
gained from experimental research, the realization of envi­
ronmental control necessary to man's existence is being made 
possible. Contributing to this realization is the knowledge 
gained from learning to alter the intensive properties of 
materials. Exploring the behavior of materials, such as the 
In-Tl alloy system, and seeking explanations for their beliavior, 
would seem, then, to be of prime importance in developing the 
ability to intelligently design materials that possess desir­
able intensive properties. 
The In-Tl alloy system (Figure 1)^ has exhibited anomalous 
behavior both in the thermal expansion coefficients of the 
f.c.c. alloys (Pahlman and Smith, 1958) and in the mechanical 
properties of the f.c.t. alloys (Burkhart and Read, 3 953; 
Basinski and Christian, 1954). The causes of the behavior 
were not known,but knowledge of the heat capacities of the 
f.c.c. and f.c.t. alloys could lead to an understanding of 
them. 
The martensitic f.c.t.-f.c.c. transformation has been of 
2 
considerable interest to previous investigators. The inves­
tigation of the transformation by heat-capacity measurements 
^Figure taken from Pahlman and Smith (1968). 
2 See Literature Review. 
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Figure 1. Phase diagram of the In-TI alloy system 
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would yield further information about the transformation and 
further con-dations about the alloy system's behavior would 
be obtained. 
For these reasons the heat capacities and thermodynamic 
functions of three In-Tl alloys having compositions of 34.6, 
28.9, and 18.8-at. % Tl, respecti'cely, have been measured from 
5-300'^K. Through the region measured (Figure 2)^" the 28.9-at. 
% Tl alloy transformed from f.c,t. to f.c.c. while the 34.6-at. 
% Tl alloy remained f.c.c. and the 18.8-at. % Tl alloy remained 
f.c.t. 
Hopefully, then, with the additional knowledge about the 
behavior of the system and the correlations thus obtained, it 
might be possible to suggest ways of altering the alloy prop­
erties, thus making it possible to effectively design an alloy 
for predetermined uses. 
This paper is divided into four major parts: Literature 
Review, Experimental Procedure, Results, and Discussion. 
^Figure taken from Pahlman and Smith (],968), 
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LITERATURE REVIEW 
The literature review tfill be divided into three parts: 
F.C.T.-F.C.C. Transformation, Physical Properties, and Specific 
Studies. These divisions are somewhat artificial ay seveial 
investigations fall into several of the categories. 
The investigations on the delineation of the In-Tl phase 
diagram (Figure 1) have been described by Hansen (1958) and 
Elliott (1965). 
F.C.T.-F.C.C. Trans formation 
Other studies that have further delineated the f.c.t.--
f.c.c. portion of the phase diagram (Figure 2) are those of 
Merriaig et al. (1967) and Pahlman and Smith (1968). Merriam 
et al. as part of their general study of the electronic struc­
tures of alloys, measured the superconducting temperature of 
0.045 to 99.2-at. % T1 In-Tl alloys. They reported the delin­
eation, at 3°K, of the region in which the f.c.t.-f.c.c. 
transformation occurs. Pahlman and Smith, interested in the 
correlations between thermal expansion behavior and the trans­
formation, used the thermal expansion behavior to further 
delineate the f.c.t.-f.c.c. region. 
Guttman (1950) and his co-workers Bowles, Barrett, (and 
Guttman) (1950), studied the f.c.t.-f.c.c. portion of the 
phase diagram by x-ray diffraction and metallographic tech­
niques, and characterized the f.c.t.-f.c.c. transformation as 
6 
martens itic, occurring with a double shear mechanism, with 
twinning occurring on transformation from f.c.c. to f.c.t. 
Wechsler et al. (1953), proposed a theory of the mar-
tensitic transformation, that made possible the calculation of 
the observed crystallographic features of the transformation. 
Burkhart and Read (1953) successfully applied this theory to 
the lU'-Tl alloy system and also studied the hysteresis associ­
ated with the transformation. They also suggested a mechanism 
that did not involve a double shear mechanism as proposed by 
Bowles et al. (1950). 
Basinski and Christian (195^ib, 1956), because of questions 
raised about the nature of the mechanism, reinvestigated, crys-
tallographically, the martensitic transformation. They con­
cluded that the double shear mechanism of Bowles et al. was 
correct. 
The thermodynamic ordei.-^ of the martens it ic transformation 
in the In-Tl alloy system has been investigated and debated 
since Gnttman's (1950) work. On the basis of his x-ray inves­
tigations of the crystal structures of the In-Tl alloys, he 
concluded that it was second order, because of the lack of an 
equilibrium two phase region between the phases. 
A. literature review of this topic is found in Hansen (1958). 
In addition to the investigations cited in Hansen, Pre de] (195^), 
Pahlman and Smith (1968), and Pollock and King (1958) have also 
^Stout (].948) and Fran % en and Gers te in (1967) discuss the 
order concept in binary systems. 
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investigated the nature of the order of the transformation. 
Predel, using dialotometric and DTA techniques, measured 
the volume and enthalpy changes associated with the martens it:] c 
transformation in a 20.5-at. % T1 alloy, llie volume change v;as 
g 
found to be 0,0.?GO~0.0006 cm /g-atom, with the enthalpy change 
0.49^0.03 cal/g-atoin. Pahlman and Smith, on the basis of their 
thermal expansion data, concluded the transformation was first 
order. 
Pollock and King (1968) liave suggested that the phase 
diagram should not be considered an equilibrium phase diagram 
in the delineation of the f.c.t.-f.c.c. portion of the phase 
diagram. 
Physical Properties 
Early investigations by Meissuer et al. (1932) have shown 
that In-Tl alloys were superconductors with superconducting 
temperatures ranging from 3.in pure In to 2.37°K in pure 
Tl. Merrlam et al. (1967) have studied the superconducting 
temperatures of alloys from 0.045 to 99.2-at. % Tl alloys. In­
cluded in their publication are references to previous work in 
this area. 
Because of anomalous behavior in the In-Pb system (Tomasch, 
1958), Tomasch and Reitz (1958) measured the thermoelectric 
power of 0-15-at. % Tl alloys at 77 and 273°K in order to com­
pare the In-Tl system with the In-Pb system. They found the 
thermoelectric power of the In-Tl alloys was a smooth function 
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of composition at both temperatures of measurement. 
In an investigation of structure stability in In-Tl alloys, 
Novotny and Smith (1965) measured the single crystalline elas­
tic constants of f.c.c. In-Tl alloys from 200-350°K. They 
found that the elastic constants were linear functions of tem­
peratures, within the precision of their measurements. How­
ever, the elastic shear constant was found to be smaller than 
expected. 
In an investigation of In-rich alloys and electronic 
structures, Yonemitsu et al. (1965) measured the Hall coeffi­
cients and electrical resistivities of 0 to 10-at. % T1 alloys 
at 110°C and found that the Hall coefficient varied monotoni-
cally with concentration. 
Predel and Emam (1967) measured the density of liquid In-
Tl alloys and found that the systems approached ideal behav­
ior in the liquid state. 
Predel and Mohs (1969) measured the enthalpy of mixing of 
15_ZiO-at. % T1 alloys at 100°C and found that the behavior of 
the alloy system approachcd ideal behavior as well. 
De Morton (1968, 1969) has investigated the elastic and 
anelastic behavior of 10-25-at. % T1 alloys. On the basis of 
his measurements of the internal friction and shear modulus of 
the alloys, De Morton concluded that f.c.c. and f.c.t. alloys 
can undergo stress induced ordering cither through a Tl-cluster 
reordering (Zener, 1948) or, as proposed by De Morton (1969), 
through a lattice rearrangement. Reordering was found to be a 
9 
function of T1 concentration, increasing with increasing T1 
concentration in the alloys and apparently independent of the 
martensitic transformation. 
Specific Studies 
Heat capacities of In-Ti alloys have not, to date, been 
reported above 5°K, although the heat capacities of In (Carter, 
1962) and of T1 (Hicks, 1938; Lari.kov et al. , 19G6) ha\-e been 
determined in the range 5-450°K and 12--500°K, respectively. 
Wliile the heat capacity of T1 exhibits normal behavior in this 
range, anharmonic contributions to the heat capacity of In 
appear to become appreciable above 260^K. There were several 
studies of the In-Tl system directly relevant to the present 
investigation. 
One was the study of Pahlman and Smith (1968) wlio measured 
the thermal expansion of four single-crystalline In-Tl alloys 
in order to determine whether the expansion behavior of such 
alloys would correlate with the f.c.t.-f.c.c. transformation. 
Two of the alloys transformed from f.c.t.-f.c.c. or f.c.c.-
f.c.t. in the temperature range studied, while the other two 
alloys remained f.c.c. from 4.6-270°K. 
From their data, obtained by interferometric techniques 
(Pahlman and Smith, 1968), Pahlman and Smith calculatcd the 
thermal expansion coefficients for each alloy. The results of 
the calculations are shown in Figure 3. 
The coefficients of the non-transforming f.c.c. alloys 
were anomalous both in the 70-100®K and 200-240°K regions. 
The coefficients of the alloys oxpcrieTicing the transformation 
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were also anomalous in the 200-240°K region. No data were 
available for the f.e.t. phase in the region 70-100°K. 
The alloys that transformed exhibited the expected hys­
teresis, characteristic of martensitic transformations. Ihe 
fact that the two coefficients of thermal expansion, measured 
both on heating and cooling, do not coincide, appears to be 
due to appciratus problems because of the transformation and 
not of anomalous behavior of the samples. The infinities in 
the coefficients also appeared to be apparatus problems. The 
apparatus difficulties appeared to be caused by the speed of 
the transformation and the rate at which the data were taken. 
The expansion coefficient of oxygen-free, high conduc­
tivity Cu was also determined by Pahlman and Smith as a check 
on their apparatus, and is shown in Figure 3. The Cu results 
indicated that the apparatus was operating properly in other 
then the transformation regions. 
The lattice heat-capacity, associated with normal mode 
lattice vibrations, would be expected to exhibit anomalous 
behavior correlated with anomalies in the expansion coeffi­
cients, unless, as Pahlman and Smith (19C8) have suggested, 
the Gruniesen parameter, () , is not constant at low temperature. 
Swenson (1968) has shomi that 
y = P Bg V/Cp 
where p = 3a V = volume. 
Bg = adiabatic bulk modulus 
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An anomalous variation of a woul.d imply anomalous behavior 
in the heat capacity and/or If is not constant at l.ow 
temperatures, it would be possible for the heat capacity to 
contrnuously increase without exhibiting anomalous behavior. 
in a would imply variations in the heat capacity. 
Pahlmaii and Smith indicated that the anomalous behavi or 
of a was not understood, and that heat-capacity measurements 
might yield infoiTiiation about the cause of such behavior. 
Pahlman (1968) explored the possibility that the behavior 
was caused by magnetic effects, an oi'der-d is older phenonena, 
or Fermi surface geometry. No correl.ations were obtained to 
explain the alloy behavior. 
Burkhart and Read (1953) studied the effect of bending 
stress on an 18-at. % Tl f.c.t. alloy which had the "banded 
twin" martens itic structure. They observed that above 2G8°K, 
the alloy was plastic in behavior, in that once bent it 
remained bent. Below 263°K, however, the alloy behaved in a 
"rubber-like" manner. By "rubber-like," they meant that the 
alloy would deform when stressed, but would return to its 
original position when the stress was removed. The alloy ex­
hibited this behavior to at least 197^K, the lowest temperature 
of their observations. 
In the 263-268°K range, the alloy would behave plastically 
if deformed for a "long" period of time, but it would behave 
in a "rubber--like" manner if deformed for a "short" period of 
constant, and va r ia ti ons 
1.3 
time. "Long" and "short" were not defined, nor war; the method 
of investigation in deteruiining the range 263-2G8°K. They 
also made the following observations on the alloy behavior. 
At 298^K, when pulled in tension, the alloy clicked, vriicn 
bent, a twinning cry could be heard and upon application and 
removal of axial stress, a single twin interface was observed 
to traverse the crystal. At temperatures between 197-29S^K, 
using Laue and metallographic tecliniques, during the bending 
stress one set of twins was observed to grow at the expense of 
anotlier, but on removal of the stress the original twin struc­
ture could be reattained. The alloy readily bent but only so 
far. The alloy then became rigid and further bending was dif­
ficult. In the "rubber-like" region the alloy would spring 
back to its original configuration, whereas in the plastic 
region the alloy would remain in its stressed position. 
TVo mechanisms were proposed to explain this behavior. 
One mechanism involved stabilization of twin interface move­
ments. It was proposed that at higher temperatures the twin 
boundaries were stabilized, consistent with a Zener (1948) 
relaxation which involved a stress induced reordering of the 
T1 atoms. At lower temperatures, stabilization would not occur 
and "rubber-like" behavior would result. They reasoned that 
slower diffusion rates at lower temperatures would prevent the 
T1 atoms reordering. 
The second mechanism was also based on diffusion, but 
this tiifio. impurities would migrate to the grain boundaries 
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during the stress, and then the impurities would "lock in" to 
stabilize the new lattice configuration. At lower temper­
atures, the impurities would not migrate, and stabilization 
would not occur. 
Hie 263-26S"K region would be the temperature Iange in 
which diffusion would not take place as quickly as at high 
temperatures. Thus, a "longer" time would be necessary to 
produce a plastic behavior. Below 263°K diffusion would tlicii 
occur too slowly to produce the stabilization necessary for 
the plastic behavior. 
Bas in ski and Christian (1954a) investigated the beliavior 
of an 18.5-at. % T1 alloy from 298°K to 77°K. They confirmed 
the results of Burkhart and Read (1953) and also observed the 
identical alloy behavior for compression stresses at all tem­
peratures. They found the transition from "rubbei-like" to 
plastic behavior occurring at 273°K. They also observed that 
as the alloy passed through the martensitic transformation, 
superelastic effects were observed. For a discussion of thct:e 
effects and other alloy systems that exhibited them, sec 
Barrett and Massalski (1966). Basinski and Christian pointed out 
that the superelastic effects do not appear to be related to 
the "rubber-like" behavior below 0°C. 
They suggested that in Burkhart and Read's work what was 
observed was not a twin boundary movement on return of the 
alloy to its original configuration, but actually a new growth 
of twins, resulting from nuclei left in the original lattice 
15 
position. The explanation for the phenomenon was left with the 
statement that further work was needed to find the cause. 
This "rubber to plastic" transition is not new; it had 
previously been found in the orthorombic phase of the Au-Cd 
alloy system (Chang and Read, 1951). 
In summarizing the available information on the In-Tl 
alloy system from 5-300^K, it seems fair to state that there is 
a decided lack of knowledge of the properties of the alloys 
through the entire temperature range and in particular from 
I50-250^K. Thus, only limited correlations to the alloy be­
havior can be made, using Pahlman and Smith's data and the 
observations of Basinski and Christian and Burkhart iind Read. 
Ir view of these reported properties, it might be expected 
that anomalous behavior would be exhibited in the heat capac­
ities of all three alloys, corresponding to the "rubber-like" 
to plastic transformation. It is not known whether the heat 
capacity from 60-100°K of the f.c.c. alloys would also be 
anomalous. The martensitic transformation would be expected 
to deviate from normal lattice behavior in a manner consistent 
with the properties of the martensitic transformation. 
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EXPERIMENTAL PROCEDURE 
Alloy Preparation 
The alloys were prepared from "five-nines" percent purity 
In obtained from Cominco American and "five-nines" percent 
purity T1 obtained from Leico Industries. Hie In and Tl. were 
obtained in bulk form. 
Special handling 
As Tl is highly toxic, (Browing, 1969) special precautions 
had to be taken in its handling: skin contact, vapor inhala­
tion, and ingestion had to be avoided. Polyetlilene gloves 
were worn at all times to insure against skin contact and a 
lab coat, which was laundered after each use, was vara when 
working with Tl or an alloy. 
One hood was used exclusively for In and Tl work in order 
to help insure against accidental contamination of other work 
areas. All tools that were used were stored in the hood. 
Waste metal and contaminated materials were placed in a large 
polyethylene bag, which was disposed of by burying. 
The Tl metal was stoi-ed in a desiccator to help prevent 
oxidation, because it oxidixes when in contact with the atmos- . 
phere, and as a safeguard against accidental contamination. 
The metals and alloys were stored in Lhe same area, which was 
appropriately marked. 
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Preparati.on 
The three nl.loyK vcre prepared with alloy 1 haviiig a com­
position of. 34.G-at. % T1, alloy 2 having a coiapopstion of 
28.9-at. % T1 and alloy 3 having a composition of 18.B-at. % 
Tl. Through the 5-300"K region, then, alloy 1 remained f.c.e., 
alloy 3 remained f.c.t., while alloy 2 transfoi-med fi-om f.c.t. 
to f.c.c. (Figure 2). 
Tl was cleaned with concentrated ii' order to remove 
3 
surface oxides and other surface impurities. ' The container 
in which the alloy was made was a ^i5-nini diameter vycor tube, 
50-cni long. This size container was chosen to facilitate 
2 
mixing of the components in the "rocking furnace" in w]iich 
the alloys were made. After the metals were placed in tVie 
tube, it was evacuated with a forepump for a period of "J0-12 
hours, and scaled. - The tube was then placed in the roclcing 
f uim ace. 
Because In melts at 156°C and Tl at 303°C, the melts were 
mixed at 375°C for 2-3 days. The alloy melt was then quenched 
and the ingot was removed from tVie tube by cracking the vycor, 
taking all necessary precautions against Tl contamination. 
The ingot was tlicn cleaned in concentrated in order to 
remove the oxides and other impurities on the surface. 
1 J. Pahlman, ISll (Private communication). 
2 An electrical resistance funancc that has a motor 
attached to it which can move the furnace through an angle of 
120*. 
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The alloy was machined to fit the calorimeter can 
(Figure 4)^ in a "special handling room" which was designed 
to insure minimum contamination to the machinist and the 
outer world. 
The final weights of the three alloys were alloy 1-399.6g, 
alloy 2-352.5g, and all.oy 3-366.5g. A mole of alloy was taken 
to be an Avogadro's number of atoms. The atomic weights of In 
and T1 were taken to be 114.82g and 204.37g, respectively. 
Alloy 1 was anneal.ed in the calorimeter can at room tem­
perature for approximately two and a half weeks. Alloy 2 was 
machined, and placed inside a vycor tube. The tube was then 
placed in a 345°K oil bath and the alloy was annealed for one 
week. Alloy 2 was also annealed for approximately two weeks 
in the can at room temperature. Alloy 3 was machincd and 
then annealed in thé oil bath for 17 days in a vycor tube. 
Alloy Analysis 
Metal samples for major constituent analysis by wet chem­
ical analysis were taken from the top, side, and bottom of 
alloys 1 and 2, and the top and bottom of alloy 3. In was 
determined by EDTA titration, in the presence of Tl, by masking 
T1 with ascorbic acid, xylenol orange serving as an indicator. 
Tl was determined by titrating with KBrO^ with no masking of 
Taken from Schwartz et al. (ca. 1970). 
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the In required, methyl orange serving as an indicator 
(Tschetter and Banks, ca. 1970). 
Annealing of the alloys did not appear to affect major 
constituent analyses results, as analysis results of alloy 3, 
annealed for 17 days at G5°C were within 0.01% of analysis 
results before annealing. 
Hie results of the analyses are given in Table 1. 
Table 1. Major constituent analysis results 
Alloy In(Wt %) Tl(Wt %) 
1 Top 51.56 48.5% 
Middle 51.56 48.56 
Bottom 51.48 48.62 
2 Top 58.19 41.87 
Middle a 42.02 
Bottom 58.11 41.92 
3 Top 70.86 29.20 
Bottom 70.92 29.15 
^Not determined. 
The analytical results for alloys 1 and 2 indicated the 
possibility of concentration gradients. This indication is a 
bit tenuous, however, as the precision of the analyses was 0.1% 
for In and Tl, A trend was nevertheless indicated in the 
analytical results. 
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Since the alloys analyzed to greater than 100 wt. %, it 
seemed reasonable^ to approximate wt. % from the value of 
average In and average T1 in each alloy divided by the total 
wt. %. 
Mass spectrographic analyses were performed on the pure 
metals and the alloys with oxygen and hydrogen being determined 
by other methods. The results are found in Table 2. It is 
felt that alloy 1 has greater impurity levels in B and Si due 
to its being remade five times. These impurities were thought 
to have resulted from the vycor. The Be, Sc, C and N values 
may be considered upper limits because of the mass spectro­
graph ic precision. All elements, except as noted, not listed 
are considered to be at levels low enough to be undetectable 
by mass spectrographic techniques. 
Initially, mass spectrographic analysis for elements from 
Sc on were performed on machining turnings of the alloys. The 
results from the two analyses differ in Fe content in alloy 1, 
V and Fe in alloy 2, and Cu and Fe in alloy 3. Y, Mo, and La 
were also reported in alloy 1 in the second analysis. The dif­
ferences were thought to be due to inhomogeneities in the alloys 
or surface contamination due to the cutting tools. Tlie Y, Mo, 
and La results tend to substantiate the latter hypothesis. 
Hydrogen content was determined by vacuum fusion analysis. 
Table 3 lists the results of these analyses for the alloys and 
metals. The samples of alloys used for analysis were taken 
from machining turnings obtained from the billets used in the 
^'R. Bnchman, I SU (Private communication). 
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heat-capacity mensurements, and indicate maximum impurity con 
tent. 
Table 2. Minor constituent analysis results (at. ppm) 
Element Alloy 1 Alloy 2 Alloy 3 In T1 
Be 7 0.2 0.9 0.04 0 . 2  
B 50 0.2 0.3 0 . 2  O.OG 
C 130 60 130 70 80 
N 40 10 30 30 20 
F 0.02 0.05 0.03 0.01 0.05 
Na 3 2 2 2 1 
AG 30 10 20 20 5 
A1 20 6 50 ]. 4 
Si 400 100 150 20 5 
P 1 0.2 1 0.1 0.2 
CI 10 4 5 5 2 
K 10 4 5 5 2 
K 6 1 6 7 3 
Ca 30 2 10 4 1 
Sc 0.7 0.8 0.7 2 -
Ti 2 5 2 0. L', 8 
V 10 0.3 0.3 0.2 2 
Cr 2 1 3 2 10 
Mn 1 0.3 1 0.3 1 
Fe 200 14 30 6 50 
Co 0.1 0.3 0.1 0.1 20 
Ni ]. 5 2 0.8 40 
Cu 15 3 90 2 20 
Fn 70 3 140 6 20 
SG 0.3 0.05 0.3 - 2 
Tabic 3. Hydrogen analysis results 
Alloy 
Metal 
At. PPM 
1 .17 + .05 
2 .12 + .05 
3 .04 + .02 
In .07 + .03 
Tl .04 i' .02 
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Oxygen content was determined by neutron activation 
analysis. The results of the analyses are shown in Table 4. 
Again the analyses were performed on machining turnings and 
the results again should indicate maximum oxygen content of 
the alloys measured. 
Table 4. Oxygen analysis resul ts 
The results of the analyses indicate that alloy 1 was 
99.97-at. % pure, alloy 2 was 99.98-at. % pure, and alloy 3 
was 99.95-at. % pure with respect to non-metals; alloy ]. was 
99.92-at. % pure, alloy 2 was 99.98-at. % pure, and alloy 3 
was 99.96-at. % pure with respect to metals. In was 99.98-at. 
% pure and T1 was 99.98-at. % pure with respect to metals. 
In was 99.98-at. % pure and T1 was 99.98-at. % pure witli 
respect to non-metals, with oxygen not being determined. 
As a further check on the purity of the samples, photo­
micrographs at 250X were made of a representative portion of 
each alloy, after electropolishing with a 33% HNO^, 67% NaOlI 
polishing agent, at room temperature. These pictures are 
shown in Figure 5. 
Alloy At. PPM 
1 
2 
3 
175 i 30 
94 i 18 
121 i 15 
"S# 
34.6-at. % T1 28.9-at. % T1 ro 
-P-
18.8-at. % T1 
Figure 5. Photomicrographs (250X) of the alloys 
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All three alloys exhibited cracks in the grains and grain 
boundaries. The 34.6-at. % T1 all.oy exhibited a rippled 
surface. These effects are thought to be due to the softness 
of the metals and the polishing techniques. No impurities 
were seen in the grain boundaries. 
The 18.8-at. % Ï1 alloy exhibited the expected twinning 
due to the martensitic transformation. Also, no second phase 
or incomplete transformation was indicated in the photomicro­
graph , ^ 
Heat-Capacity Measurements 
An adiabatic calorimeter of the We strum design (VJestrum, 
1961) was used for the heat-capacity measurements. The 
circuitry of the calorimeter (Skochdopole, 1954; Gerstein, 
1960), manual adiabatic shield control (Skochdopole, 1954; 
Gerstein, 1960), and automatic adiabatic shield control 
(Rulf, 1970), have been described previously. 
A platinum resistance thermometer calibrated by the 
National Bureau of Standards was used for temperature deter­
mination. The calibration of the thermometer and the deter­
mination of the precision and estimated accuracy of the cal-
orimetric measurements have been described previously 
(Gerstein et al., 1969). 
^D. Peterson, ISU (Private communication). 
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The sample container was a gold-plated copper can that 
has also been previously described and is {^hovrn in Figure 4. 
The main new feature was a non-metallic seal (Ashworth and 
Steeple, 1968), which replaced the traditional solder seal 
(Gerstein, 1960), Cor sealing the top to the can. Sample-to-
container thermal contact was enhanced by the use of Apiezon T 
grease. No exchange gas was used, but to facilitate hc-'it 
transfer from the heater well to the top of the can, a copper-
spring was inserted between the well and the can top, a te cli­
nique previously described (Gerstein et al. , 1966). 
The standard interrupted heating method for mailing 
adiabatic heat-capacity measurement was used, and has also 
been described previously (Westrum et al., 1968). 
An IBM 360/65 computer was used to calculate Ç/2\T, Cp(T) , 
and the thermodynamic functions in a manner previously described 
(Gerstein, 1960). 
X-Ray Measurements 
The intensities of the (2,0,0), (2,2,2), and (4,2,0) re­
flections at angles of 2G=37^, 20=68°, and 20=93°, respec­
tively, of a polycrystalline sample of the 34.6-at. % T1 
alloy were measured at 13 temperatures in the 120-300°K region. 
A 20x25mm sample of alloy, 1mm thick, was cast in a 
graphite mold from a melt, made from machining turnings of the 
alloy. 
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The apparatus u-sod was a vertical diffractomctcr, equipi^ed 
V7itli a low teiaperature--high vacuum attachment made by the 
Materials Reticarch Corporation.^' The attaclunent van equipped 
with a dewar for refrigerant, a heater for temporalure control., 
and a copper-conctantan thermocouple for temperature dcter­
minât ion. 
As Bt and aid x-ray teclmiques (Cull.ity, 1956) were used, 
no description of tliem v;ill be given. Cu radiation v/arj uf.ed. 
The intensities of the diffracted beam3 were recorded on 
chart paper and standard techniques were used to integrate 
tlie area under the curves. 
The alignment of the diffractometer was sensitive to the 
weight of the l o w  tempera tu re-high vacuum attaclirnent, In 
• 
order to evaluate this sensitivity, the peak intensities v:ere 
measured at three different diffraction angles. 
The measurements were talien both wlien the sample was 
being cooled to 120^1C, and when it was being heated to ?.70"k. 
The precision of temperature control was -2^K. The accuracy 
of temperature determination was estimated to be 
A check on the operation of the apparatus was nsade by 
measuring the intensity as a function of temperature of one 
reflection in a standard sample. The peak chosen v.'as the 
('4,'j,0)p peak. The sample was polycrystalline Si. The measure-
^'Model X.-S6NC. 
28 
ment procedure for the standard sample was the same as that 
described for the In-Tl alloy. 
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RESULTS 
Heat-Capacity Measuremcnts 
Tne data for tlio heat-capacity measurements from 5-300^K 
of the three alloys measured are listed in tabular form in 
Appendix I. The average temperature, the temperature interval., 
and the experimental heat capacity, uncorrected for curvature, 
of each data point are listed for each alloy. Tlie heat ca­
pacities of each alloy, obtained from a graphical smooth-curve 
fit of the data, with no curvature correction made, arc listed 
in tabular form in Appendix II. Curvature corrections were 
not made because the corrections were either less than 0.1% 
of the smooth-curve heat capacity or because non-equilibrium 
conditions existed, as in the 195-300°K regions of the alloys 
and the martensitic region of the 28.9-at. % alloy (70-100^K). 
The heat capacity of each alloy was graphically extrap­
olated to O^K, in order to obtain the thermodynamic functions. 
The smooth-curve values of the heat capacity, along with the 
standard entropy, the standard enthalpy, and the standard free 
energy arc also listed in tabular form in Appendix II. 
The alloys are superconducting and the extrapolation to 
0°K does not include the superconductivity contribution to the 
heat capacity. The smooth curve of alloy 2, through the 70-
lOO^K region, was obtained by extrapolation of the smooth 
curves below and above this region. 
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Baac'-d on these approxiinations, the entropy at 298°K is 
estimated to be 61.6-1.0 eu for alloy 1, 6]..'!•'•?..0 eu for alloy 
2, and 61.1 -1.6 eu for alloy 3. 
The precision of measurements was such that for more than 
95% of the ])oints, the experimental data points deviated fi.-oin 
the smooth curve for alloy 1 by no more than -0.2% above 30^K, 
-0.6% from IS-SO'^K, and -10% below ].5^K. For alloy 2, except 
for the 70"100"k region, the deviations were -0.2% above 20^1(, 
••0.1% fi'om 10--.20^K, and ^•^7o below lO^K. ^ For alloy 3, the 
deviations were -0.2% above 20^K, -0.8% from 10-20^]C, and -2.0% 
below lO^K. 
The heat capacity of the addenda had been previously meas­
ured (Schwartz et al. , ca. 1970) and v.'as found to be 16% of the 
total heat capacity at ] O^K, 42% at lOO^^K, and 51% at 300^K. 
Tliere are three main regions of interest from 5-300^K: 
the martensitic f.c.t.-f.c.c. transformation region in alloy 2; 
the 5-195^K region, and the 195~300"K region in all alloys. • Be­
cause the 34.6-at. % T1 alloy exhibited no anomalous behavior 
below 200^K, tlie 28.9-at. % Ï1 alloy was made such that the 
ti-ans format ion occurred below 100 (Figure 2). 
Martens]tic region 
The-experimental heat-capacity points for the f.c.t.-f.c.c. 
transition region, delineated by the 70"100^K region 5n alloy 
2, ax-e plotted in Figure 6. The smooth cuive was obtained by 
extrapolation from the smooth curves above lOO^K and below 70^'K, 
as mentioned previously. 
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28.9-01.% Tl 
9-4625-4628 
û-4638-4644 
0-47I4-472I 
n-4723-4741 
X-4743-4810 
0-4861-4863 
Figure 6. Experimental heat-capacity data for the 28.9 
at. % Tl alloy, 70-100°K 
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The thermal histories of the measurements are shown in 
Table 5a. 
Tabic 5a. Thermal history of the heat capacity measurements 
for the 70-100°K region of the 28.9-at. % T1 alloy 
Calorimeter 
Data points Cooled to Heated to 
4625-4628 5°K 300^K 
4638-4G44 48°K 300^'K 
4714-4721 5°K 99^'K 
4723-4741 48°K 97 K 
4743-4810^ 48°K 99°K 
4861.-48G3 48°K 74°K 
The results possibly indicate irreversible behavior in 
the 82-86°K and 88-95°K regions. Deviations from a smooth 
curve appear to be reproducible and outside the usual "0.2% 
deviation from a smooth curve in this region. The lone point 
at 93^K (Figure 6) was not found to be in error because of a 
data-taking error, a calculation error, or calorimeter prob­
lems, so it was included with the data. However, the other 
heat-capacity data through this region does not indicate the 
heat-capacity behavior to be discontinuous in this manner. 
The experimental data does not suggest that the smooth curve 
heat-capacities below 70°K lie on a different smooth curve than 
above 100°K. 
The arrow in Figure 6 indicates a split in the 4743-4810 
data. The calorimeter was held at this temperature for 10 
hours. 
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5-195°K 
The second region of interest is the region below 195°K. 
The smooth curves of the data for this region were of the 
normal sigmoid shape in all three alloys except for the 70-
100°K region in alloy 2 (Figure 7). 
195-300°K 
The smooth curves for the three alloys from lyS-SOO^K are 
plotted in Figure 8. A 5-8% rise in the heat capacity has 
been observed in all three alloys. The rise in heat capacity 
increased with increasing T1 concentration. In alloy 1 the 
rise was 1.8 Joules/raole-°K; in alloy 2, 1.75 JouleK/mole-'^K; 
and in alloy 3, 1.4 Joules/mole-°K. The temperature raiige 
over which this behavior occurs appears also to be increasing 
with T1 concentrations: for alloy 1, 34°, for alloy 2, 35^, 
and for alloy 3, 25". The heat capacities through this region 
are irreversible for alloy 1 and 2 and are outside the -0.2% 
deviation from a smooth curve as expccted for the region. 
Alloy 3 exhibited reversible behavior. 
The thermal histories of the measurements of the heat 
capacities of alloy 1 and 2 are given below. There would 
appear to be a correlation between the rate at which the heat 
capacities were measured and the rate of rise of the heat 
capacities through the region. 
The high curve in alloy 1 (Figure 8) included a 9 hour 
temperature hold at 205^K and measurements from 205-239°K in 
s 
3 
ï 
i—rr T-r 
i 
i 
Figure 7. Smooth curve heat capacities of the alloys 
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Figure 8. Smooth curve heat capncities of the alloys, 190-
300"K 
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3 hours. The middle curve included a 2-1/2 hour tcinperature 
hold at 210^K and measurcriic.nts from 210-240'^K in 2-1/2 hours. 
The low curve measurements were made from 200-245°K in 'l-
hours. 
The high curve in alloy 2 (Figure 8) includes a 2 hour 
temperature hold at 215^K and then measuremetite flora 21!i-239"}C 
in l--]/2 hours. The middle cui.ve represents measurements from 
193-239°K in 3-1/2 hoi'rs. The low curve represents measvire-
ments from 197-243°K in 3 hours. 
Alloy 1 and 2 exhibited anomalous behavior in the 240-
300°K region, again, with the effect increasing with incieas­
ing T1 concentration. The deviations from a smooth curve are 
greater than 0.2% and are reproducible. Alloy 3 exhibits no 
deviation from a smooth curve, outside the expected -0.2% 
precision of the measurements. 
Alloy 3 exhibited reproducible behavior in the 196--221°K 
region. The thermal histories of the measurements were such 
that the alloy was held at 200°K and 206°K for 4 hours and 11 
hours respectively. The data through the region were talcen 
in approximately two and a half hours, except as noted above. 
Figure 9 shows the correlation between these data and 
previous work (Pahlman and Smith, 1968). The solid lines rep­
resent the data of this work. A rise of the heat capacity 
calculated from thermal expansion coefficient data indicated 
a rise of the heat capacity in alloys near the at. % of those 
measured. 
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Figure 9. Comparison between the heat capacities calculated 
from thermal expansion data and the measured heat 
capacities 
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18.8-at. % alloy 
With respect to tiie 18.8-at. % T1 alloy which transformed 
martensiticly between 380-390°K, (see Figure 2) the photO" 
micrographs indicated no second phase and no incomplete trans­
formation in the sample. This would seem to indicate that at 
high temperatures, near the m.p. of the alloys, the martcn"isit;ic 
transformation would appear to be complete even for polycrys-
talline, non-homogeneous alloys. 
X-Ray Me a su r enien t s 
The weight of the x-ray attachment caused alignment dif­
ficulties with the diffractometer at the lower angles of re­
flection, 20=37° and 20=68°. The only results that are pre­
sented are the results for the 20=93° reflection. 
The results are shov.m in Figure 10. A change in the rate 
at which the integrated intensity was increasing, with de­
creasing temperature, was found in the 200-210°K region. 
The results of the measurement of the Si, 20=92.8° re­
flection, are also shoum in Figure 10. Normal behavior was 
found through the entire region measured. Deviations from the 
straight line drawn through the data would indicate the pre­
cision of the measurements. 
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Figure 10. X-ray measurement results for the 34.6-at. % T], 
alloy and Si 
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DISCUSSION 
The discussion of the results of the heat capacity meas­
urements is presented in three sections: Martensitic Region, 
5"195^K Region, and 195-300"K Region. The 28.9-at. % T1 alloy 
transformed frora f.c.t. to f.c.c., while the 3'i.6-at. % T1 
alloy remained f.c.c. and the 18.8-at. % T1 alloy remained 
f.c.t. ill the region measured (Figure 2), The 5-195'''k and 
195-300°K regions refer to the behavior of all three alloys 
while the martensitic region refers only to the 28.9-at,% T1 alloy. 
Martensitic Region 
The general properties of martensitic transformations are 
discussed in many metallurgy texts^ with the text by Reed-Hill. 
(19G4) citing the In-Tl transformation as a specific exaiaple. 
The properties of the martensitic f.c.t.-f.c.c. trans­
formation in the In-Tl system are listed below: 
The transformation is: 
1. diffusionless, occurring by a double-shear mechanism, 
proceeding with a single interface in a single crys­
tal, producing twinning on transformation from f.c.c. 
to f.c.t. 
2. irreversible, in the sense that the transformation on 
heating occurs at higher temperatures (hysteresis) 
^Avner (1964), Christian (1965), and Barrett and Massalski 
(1966) arc some of the many texts that describe martensitic 
transformations. 
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than on cooling. 
3. reproducible, in the sense that the same transforma­
tion path througli the alloy can be reproduced, both 
on cooling and heating, provided the manner in which 
the alloy is cooled and heated remains approximr-ite].y 
the same. 
4. athermal, in that the transformation stops when 
heating or cooling is stopped. Stabilization occurs 
if too much time has elapsed before continuing with 
cooling or heating. 
5. lion-equilibrium in nature, in that no two phase 
region with phases of different composition co-exist­
ing in equilibrium has been observed. 
The deviations of the heat capacity data (see Figure G) 
in the region of the expected f.c.c.-f.c.t. transformation 
were possibly caused by the relief of strains in the alloy, 
the strains being produced by the martensitic transformation 
on cooling from f.c.c. to f.c.t. and now associated with the 
f.c.t.-f.c.c. transformation. If the entire alloy woul.d have 
transformed from f.c.c. to f.c.t., all strains would have been 
relieved by twinning. However, as the alloy was inhomogeneous 
and polycrystalline, it would be expected that strains from 
the transformation would not all be relieved by twinning. Tlie 
strains would then be present when transforming from f.c.t. 
to f.c.c. The reproducibility of the deviations would cor­
relate with the reversibility of the path of the transformation. 
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The. possibility also exists that what had been observed 
in the 70-81°K region were deviations from the smooth curve 
due to lack of precision in the heat-capacity measurements. 
The deviations shown in Figure 6 were not randomly scattered 
about the smoothed curve, as would be expected for random 
errors, however. This would indicate that the deviations 
represented the behavior of the alloys rather than problems 
in the measurement technique. 
The data taken after allowing the sample to remain in the 
center of the expected transformation range for a period of 
10 hours (arrow, Figure 6) did not reproduce the previous data 
through the 81-95~K region. This behavior would not be incon­
sistent with the In-Tl athermal martensitic nature and stabil­
ization effects inherent in this transformation. There is also 
the possibility that normal deviations from a smooth curve 
were being observed: scatter off a smooth curve that lay 
between the two sets of data and marked the In-Tl transforma­
tion. 
In summary, the In-Tl phase diagram (Figure 2) indicates 
that tlie alloy should experience the f.c.t.-f.c.c. transforma­
tion between 80-100°K. Tlie heat capacity data for this alloy 
seemed to indicate a transformation occurring over either a 
24° region, 72-96°K, or a 14° region, 82-96°K. The wider range 
would be consistent with the expected behavior of a polycrys-
talline, inhomogeneous alloy undergoing the transformation. 
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It might have been expected that the heat capacity of tlie 
f.c.t. alloy woul.d be different than the heat capacity of the 
f.c.c. alloy; that is, the heat capacity of the f.c.t. alloy 
should ].ie on a different curve than that of the f.c.c. alloy. 
The small AH of transformation (0.5 cal/g-atm)^ would indicate 
that pel-hap s no heat-capacity change would be observed. Tliere 
was no indication that the data below 70^K scattered around a 
different smooth curve than the data above 100°K. 
The simplest model of an alloy i.n which the behavior is 
near ideal, for both components, is the regular solution model 
in whicli the chemical potentia]. of the i^'^ component is given 
/W G = X? + Xj" w" 
Since In and T1 are both IIIA elements, there exists the pos-
si.bility that such a model might have some relevance Jn de-
scfibing the thermodynamic behavior of the alloy. To this end, 
such a model has been invoked in an attempt to fit the heat-
capacity results through the martensitic transformation region. 
Ttie molar heat capacity of a binary alloy in a two phase 
region is given by: 
= XgCg + x-fl 
^Prcdel, 1964. 
2 Lewis and Randall, 1961. 
k2 
C mid ï arc phase C find phase T; find arc the mole frac-
— Q — T 
tions of the phases; and and are the molar heat 
capacities of each phase. 
Assniivinj:'; a regular ^solution chemical potential for the 
( 
system, the molar eutlialpy for phase C, is given (Lewis and 
Randal.]., 1961.) l)y: 
T È ) 
r 
îï^ and Hg are the standard state enthalpi.es of component 1 and 
2 and are assumed to be the enthalpies of the pure components. 
c c 
Xj'' and Xg are the mole fi actions of components 1 and 2 in 
c phase C. The \i is the chemical potential interaction param­
eter for phase C. 
.0 . 
For a two phase region, / 0 ^ nid X^' + Xg - 1, 
the heat capacity of phase C is now given by: 
Cp (= = >=1 + (1 - - xj (1. -
•" Irl "P * 
If the assumption is made that w is approximately constant 
C '* T 
and w ^  w w , where T represents a second phase, the heat 
] 
capacity through the two phase region for an In-Tl all oy ' is 
given by: 
is now identified as the f.c.c. phase and Ï as tlie 
f.c.t. phase. 
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«r''" = " y?'l„ ("l 
-''îl> * (!,-• * 0 
Ax'i' 
-4n'«P,Tl, " %'fl ("L - "îl) - 0 - 24>"1-
(1.) 
A computer program was written for the IBM 360/G!) computer 
in order to calculate the heat c^tpacity of the In-Tl system 
using (1). The data consisted of X^^^(ï), , 
Cp yi(T), and and ^ X^yc)T\p. 
By choosing an 5.nitial alloy concentration, the values of 
C T 
X^^^(T) and X^:^^(T) were determined from the phase diagram. The 
lever rule (Moore, 1966) was then used to calculate X^(T) and 
X^XT). The partial derivatives were determ5.ned graphically 
from the phase diagram. 'Hie calculation was carried out over 
the 50-64°K region, for a 29.7-at. % T1 alloy, so that the 
derivatives could be assumed constant through the region 
(Figure 2). Because the exact values of (Hj^^(T) - 11^,^ (T)(' Û 
were riot known this quantity and w were varied in the cal cula-
tion. Tlie heat capacity of the 28.9-at, % T1 alloy was used 
for the heat capacity to be matched in the 50-64^K region. 
The error in assuming the 28.9-at. % T1 alloy heat capacity 
for a 29.7-at. % T1 alloy is estimated to be 0.1% or less. 
hh 
In order to match the heat capacity of the alloy through 
the t-\-7o phase region, w had to vary with temperature. For 
values of 400, 700, and 1000 Joules/molc, w varied from 
7. 1x10"^ to 16. 6x10^, 6.8-x].0^ to IGxlO^, and 6.1x10^ to 15. 2x1.C? 
Joules/mole, respectively. 
The dei:.endence of w on temperature 3 s shown in tabulai' 
form in Table 5b. The All" value used for this calculation was 
400 Joules/mole. The dependence, of w on temperature is 
representative of the behavior of w, for the heat capacity 
through this region. 
Table 5b. Dependence of w on temperature (All" -- 400 Joules/ 
mole) 
T("k) w (10^Joules/molc) 
50 
52  
54 
56 
58 
60 
62 
64 
Exccpt for the 70-100"k region in the 28.9-at. % T1 alloy, 
the heat capacities of all three alloys v.'erc found to deviate 
from the sum of the In and T1 heat ccijiacitics, multiplied by 
the approp)iate mole fractions. These deviations from the 
Newmann-Kopp Rule (Gopal, 1966) are listed in Table 6. 
7.1 
8 . 1  
1 . 1  
10.1 
11.5 
13.2 
14.9 
1 6 . 0  
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Table 6. Alloy heat-capacity deviations from the Neumann-
Kopp Rule (Joules/mole) 
Alloy (at. % Tl) 
T 18.8 28.9 34.6 
20 - 0.9 1.1 - 1.4 
50 - 1.0 1.4 - 1.6 
100 - 0.5 0.5 - 0.7 
150 - 0.2 0.03 - 0.1 
200 0.06 0.1 0.15 
300 1,1 1.2 1.0 
The appropriate corrections had to be made to the calculated 
heat capacities through the two phase region, to take into 
account the deviations in the 28.9-at. % T1 alloy. This 
e[; fee Lively has removed the approximation that C^^w/oT^-O and 
replaced it with the actual experimental deviations from ideal 
behavior. 
ihe results of the calculation show that for a re^ular 
solution approximation, w must vary fairly rapidly as a func-
tion of temperature in order for the calculated heat capacities 
to match the experimental ones throu'^h the two phase region. 
Thi.s would seem to imply that for other types of behavior, 
other than monotouically increasing values of the type 
approximated, w should also vary as a function of tenperature, 
ia an a [) propria te manner. In regions where the deviations 
f'.-cm tae Neumann-Kopp Pj.ile were less for the alloy, w would 
vary In IS and also !)e smaller. 
46 
ïlie calculation was attempted in order to determine how w 
did vai'y as a function of temperature. This purpose was ful­
filled. The calculation was a zeroth order attempt to define 
the interactions in the.system, through a regular solution 
approximation, and the results should be viewed as qualitative 
only. 
5-195^K Region 
No anomalous behavior was observed in the 34.6-at. % T1 
alloyIt would seem that Pahlman and Smith's conjecture that 
the Grllneisen varied at the low temperatures with the heat 
capacity increasing normally, would appear to be correct (see 
liiterature Review). At higher temperat:ure ^  is usually regard­
ed as constant (Swenson, 1968) and it might then be expected 
to see heat-capacity deviations if the expansion coefficient 
varied. 
The following points are to be made about the 5"195^K 
behavior. 
1. The heat capacity of a polycrystalline alloy mi.ght 
obliterate the effect observed in the single crystal 
alloys. 
^Sec Figure 7. 
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2. Electrical resistivity data (Stout and Guttman, 1952) 
did not indicate any anomalous behavior in the 60'7 7° 
K region. However, it might be expected that if: no 
anomalous behavior is observed in the heat capacity 
of the alloys, none would be observed in the resis­
tivity. 
3. Time does not appear to be a factor in the cause of 
the anomaly, as Pahlman and Smith switched to a 
liquid nitrogen bath at 100°K and re-equilibrated at 
90°K. Both sets of their data agreed between 90-100° 
K. Thus it would be expected that the long times 
necessary for heat capacity measurements would not be 
so long that the effect had occurred and would have 
been unobservable. If this were the case it sliould 
have been observed by Pahlman and Smith. 
I95-300°K Region 
The heat capacities of the alloys through the 195-300°K 
region exhibited anomalous rises (Figure 8), with which the 
x-ray data for the 34.6-at. % T1 alloy and the Pahlman and 
Smith data for the f.c.c. alloys correlate (Figure 2). 
The data of Pahlman and Smith indicate anomalies in the 
f.c.c. alloys. The "rubber-like" behavior and change to 
plastic behavior was exhibited (Burldiart and Read, 1953; 
Basinski and Christian, 1954a), as previously reported, in 
f.c.t. alloys. It would seem thpn, that since the heat ca-
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pacitics in the. f.c.c. alloys bc.have like, the heat capacity 
in the f.c.t. alloy, it would be reasonable to concludo tViat 
the "lubber-]ike" behavior would also exist in the f.c.c. 
alloy.s. 
Pahlrnan (1968) had considered the possibility of magnetic 
effects, order-disorder effects, and Fermi surface geoiaetry on 
the behavior of the alloy system. He had concluded that no 
simp]e correlations existed between the alloy behavior and the 
above effects. Perhaps, a change in short range order is 
occurring. Previous worlJ' on the alloy system has indicated 
that stress induced ordering occurs in the system and possibly 
a reordering of T1 clusters is occurring from 195-235°K which 
may be associated with the "rubber-like" to plastic clianges. 
It is doubtful, in light of the impurity analyses, if an 
impurity could be responsible for the anomalies. This would 
imply that Pahlman and Smith would have had the same impurity 
problems. Though possibl.e, this would seem to be unlikely. 
If hydrogen content was responsible for the behavior of 
the alloys, then, for example, 10 ppm by weight, hydrogen would 
act as a heat sink for a hea capacity rise of 1.75 Joules over 
a 35°K range. This amount of hydrogen was 0.17-0.05-at. %. It 
would not seem reasonable to assume that this amount of hydro­
gen would be responsible for the effect. To support this 
assumption, no hydride has been observed in the alloys in any 
Literature review. 
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previous x-ray^ work. All other impurities are an order of 
magnitude or greater, less in percent than the hydrogen. Im­
pur itie« would seem to be iiiled ont. 
Othei' points to be laade are: 
1. Tlie cffect was observed to be present in both polycrys--
talline and single crystall.ine alloys. 
2. Tiiei-e was no evidence in previous x-ray work that the In-
T1 lattice is long-range ordered. It would seem thon that 
the heat capacity anoaialies for the three alloys arc not 
the beginning of a long range ordei'-d is order transforma­
tion. 
3. The rises vjoul d appear not to be caused by quencliing or 
machining strains, as once relieved, these strains should 
not return. 
The results of heat-capacity measurements on the 28.9 and 
34.6-at. % T1 alloys in the 200-235^K region (Figure 8) appear 
to depend upon how fast the heat capacities were measured through 
the region in question. The limiting value of the heat capac­
ities through this region was not able to be measured in times 
necessary for meaningful measurements. This time dependence 
would seem to imply a diffusion controlled mechanism, or at 
least, a mechanism which has diffusion associated with it. The 
diffusion of the metal atoms would thus explain the non-repro­
ducible behavior of the 28.9 and 34.6-at. % T1 alloys. The 
^D. Bail.ey and J. Smith, I SU (Private communication). 
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18.8-at. % ïl alloy exhibited the rise in heat-capacity be­
ginning at 195°K, bat the results were reproducible in the 
temperature range 195-300°K. 
The heat capacities of the 28.9 and 34.6-at. % T], alloys 
also exhibited anomalous deviations from smooth curve behavior 
in the region 235-300°K (Figure 8). In this range, the heat 
capacities of these alloys were not monotonically inci-eaciag 
functions of temperature. The data follow the smooth curve 
as dram in Figure 8, which would serve to indicate that the 
effect is real, and not an artifact of the meaf:ureiueiit. Again, 
the 18.8-at. % T1 alloy does not exhibit this behavior, otlier 
than normal scatter off the smooth curve as dravm in Figure 8. 
Ihe causes of the behavior of the alloys are not known. 
The rises of the heat capacities of all three alloys in 
the neighborhodd of 200^K would seem to be associated with the 
transformation from "rubber-like" to plastic behavior observed 
in the f.c.t. alloy and believed to exist, on the basis of the 
heat-capacity measurements, in the f.c.c. alloys as well. It 
is not clear from previous work that the onset of the mechanical 
property changes in thù alloys does not begin at temperatures 
lower than 253^K^. The heat-capacity data suggests tliat it 
does. The possibility exists that the "rubber-like" behavior 
does not exist in the f.c.c. alloys and the rises are due to 
another cause. 
See Literature Review. 
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Different; mechanisms have been proposed to explain the. 
behavior of the. mechanical property changes of both the. f.c.t. 
In-Tl alloys and the Au--Cd orthororabic phase alloys. On the 
basis of the heat-capacity measurements, it would appear that 
another explanation for the behavior of the f.c.c. alloys is 
needed and perhaps only observation of the behavior have been 
made but the actual cause has not been determined. 
Because the only two alloy systems that are kno\m to ex­
hibit this anomalous mechaTiical behavior also have a martens-
itic transformation associated with a phase change, it would 
be fair to suggest that the properties of the alloy that are 
respjonsible for producing a martensitic transformation also 
produce the anomalous mechanical behavior. 
Future Wor]( 
It would be worthwhile to measure the heat capacity of a 
single-crystal of an In~Tl alloy that transforms martens iticly 
in the teinpeiature range of the measurements. This would 
alleviate the polycrystalline interferences to the transforma­
tion and perhaps yield a more definitive heat capacity than the 
one measured. The only problem with this suggestion is that 
single crystals of the size needed for the type of calor:imetry 
described in this investigation need to be on the order of 30 
to 50g, to yield meaningful data with presently available 
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instrumentation. Attempts to grow single crystals of a 28.9-
at. % T1 alloy have to date met with no success. 
Perhaps the definitive way to study the alloy system is 
to use inelastic neutron-diffraction to study the optical and 
accoustical modes of the lattice vibrations (Gopal, 1966). 
Unfortunately, In has a sufficiently large neutron cap Lure 
cross s •etion so that no meaningful resul ts would be expccted 
for a measurement of this type. However, x-ray diffuse reflec­
tance, though less sensitive to small changes in vibrational 
modes than the inelastic neutron diffraction method, mi.glit well 
yield the desired infoiTnation about the two types of vibra­
tional. modes. 
The study of the short-iaxige order parameter as a func­
tion of the diffracted x-ray beams would yield information 
about the change of the short range order of the alloys in the 
150-250°K region, and might serve to indicate whether a change 
in short range order was occurring in the anomalous regions of 
the three alloys heat capacities. 
A study of the lattice parameters and the electrical 
resistivity of the alloys through the 150 to 250°K region 
might also add to the knowledge of the alloy behavior in the 
"rubber-plastic" region, and might help to elucidate the 
mechanisms of the transfer,nation. 
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A measurement of the heat capacity of an orthorombic 
phase Au--Cd alloy would perhci^fl indicate if the "i:ubber- lik 
to plastic behavior change is produced by the same inechanas 
as in the In-Tl system. -
Measurement of the mechanical behavior of f.c.c. alloy 
from 150-300^K is also indicated. 
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SIM'IARY 
The heat capacities and thermodynamic functions of the. 
three In-Tl alloys have been determined from 5--300°K. ITte 
alloy that transformed from f.c.t. to f.c.c. exhibited the 
e>qjected deviations from normal lattice behavior for an alloy 
under^'^oing a mart ens it ic trans f ormat ion. All alloys exhibited 
anomalous rises in their heat, capacities at temperature greater 
than 195*^K. 
The anomalous rise in the heat capacities of the f.c.t. 
alloy is believed to correlate to the transition from "xubber--
like" to plastic behavior in the alloys. This is the first time 
such a correlation has been found in any alloy system. This 
behavior should also be exhibited in the f.c.c. alloys, as 
tlie heat capacity in those alloys is similar in behavior to 
the heat capacity of the f.c.t. alloy, which does exhibit this 
behavior. 
The lack of anomalous behavior below 195°K is possibly 
attributed to anomalous behavior of the Gruneisen ^  in the 
lower temperature regions. 
The general purpose of this investigation was to gain 
knowledge about the behavior of the system and the correlations 
thus obtained, and then, possibly suggest ways of altering 
the alloy properties, so as to be able to design alloy prop­
erties for predetermined uses. Knowledge was gained on the 
behavior of the alloys and if a need existed for "rubber-like" 
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behavior or for alloys that exhibited heat capacity rises in 
the 195. region, perhaps an In-Tl alloy could be made to 
fulfill the specific intensive properties desired. An explana­
tion for the behavior was not found. 
55 
AC](NOvru]i:DGENENTS 
I thémk Dr. B. C. Gc-rstein for directing me to and through 
this project. With his guidance this work was possible. 
I alf-o thank Dr. John F. Smith for his constant interest 
in this work and the many times he was available for consul ta-
tion. J. also V7ould like to thank him for the use of his 
laboratory facil.itics. 
I than]-. Jack Pahlman for time spent helping me, especially 
with alloy preparation; and for our many discussions about 
his work at id mine. 
I thank Don I'.ailcy for taking and helping me take the x-
ray data and for his help in interpreting the resulLs. 
1 thaîik Drs. Kayzer, Scott and Swenson for discussing the 
alloy behavior with me. 
To Dr. William Taylor for his answering of many questions 
and to William Sbickel.l for his tec hnical assistance, I am very 
grateful. 
Hiere are many supporting groups in the laboratory and 
three in particular need mentioning: Garry Wells and his 
shop for help in designing the calorimeter can and for fabri­
cating it; Dr. Banks and his analytical group for their special 
interest in the alloy analysis; and Dick Seliger and his shop 
for machining the alloys. 
To Sharon Coleman, who typed the manuscript, thank you. 
56 
Finally, to my wife, Jan, for her encouragement and for 
her hel.p in editing this thesis, I am deeply grateful. 
57 
LITl^.PvATURE CITED 
Asbworth, Ï. and Steeple, H., 1968, Ciyogenicc, 7, 225, 
A\me.r, S. H. , 1964, Introduction to Physical MetfJJ.ur^^v (Mc-
Gra\^-Hill Booh Co^T'.pany, Inc., New York). 
Barrett, C. S, and M'jssalnki, T. B. , 196G, Structure, of Kotal.s, 
3rd edition (KcGrav7-II"i 11 Book Company, Inc. ,~Nc~w Yôïk)7" 
Basinski, Z. S. and Christian, J. W. , 1953, Acta Met. , 1, 759. 
Basiîiol-.i, Z. S. and Chris ticin, J. V7. , 1954a, Acta Met., 2, 
101. 
Bc-isinski, Z. S. and Christian, J. W. , 1954b, Acta Met., 2, 148. 
Basinski, Z. S. and Christian, J. W., 1956, Acta Met., 4, 371. 
Bowles, J. S. , Barrett, C. S., and Guttrnan, L. , 1950, Tranc. 
AIME, 18^, 1477. 
Browing, E. , 1969, Toxicity of Industrial Metals, 2nd ediitiovi 
(Appleton-Century-Crofts, New York). 
Burkhart, M. W. and Read, T. A., 1953, Trans. AIME, 197^ 1516. 
Carter, W. J., 1962, USAEO Report LAMS-2640. 
Chang, L. C. and Read, T. A., 1951, Trans. AIME, ].9J., 47. 
Christian, J. W. , 1965, The Theoi-y of Transforrnations in 
Metals and Alloys (Pergnmon Press, Lôhdon)'r~ " 
Cullity, B. D. , 1956, Elements of X-ray Diffraction (Addison-
Wesley Publishing Company, Inc., Massachusetts!. 
De Morton, M. E. , 1968, Phys. Status Sol id i, 26, K73. 
De Morton, M. E. , 1969, J. Appl. Phys., 208. 
Elliott, P., 1965, Constitution of Binary Alloys, First Supple­
ment (McGraw-Hill Book Company, Inc., Ne\7'T6i'k). 
Franz en, H. F. and Gerstcin, B. C., 1966, AICIIE J., 12, 364. 
Geisler, A. H., 1953, Acta Met., 1, 260. 
58 
Gerstein, T. C. , 1960, Heat Capacity and Magnetic Suscept;!-
bility of ïhii''TV'!!i EtViylsulfate. Unpublished Ph.D. Thesis, 
Ames, Iowa, Library, Iowa State Uiuversity. 
Gerstein, B. C., Chung, P. L. , and Danielson, G, C. 1966, J. 
Phys. Che m. Sol. id i, Z7, 11.61. 
Gerstein, B. C., Taylor, W. A., Shickell, W. 1). and Spedding, 
F. II., 1969, J. Chem. Phys., 292k. 
Gopal, E. S. R-, 1966, Specific Heats at Low Temperate't;: , 
(Plenum Fresc, New Yoik). 
Guttman, L. , 1950, Trans. AIME, 188, 1^)72. 
Hansen, M., 1958, Constitution of Binary Alloys, 2nd edition, 
(McGraw-Hill Book Company, Inc., New York). 
Hicks, J. F. G., Jr., 1938, J. Amer. Chem. Soc. , M, 1000. 
Larikov, L. N. , Falchenko, V. M. and Koblova, E. A., 1.966, 
Ukr. Fiz. Zh. , IJ^, 212. 
Lewis, G. N. and Randall, M. , 1961, Thermodynamics, Pitzei-, 
K. S. and Brewer, L., eds., 2nd edition (McGraw-Hill Book 
Company, Inc., New York). 
Meissner, W., Franz, H. and Westerhoff, H., 1932, Ann. Physik, 
U, 505. 
Merriam, M. F., Hagen, J. and Luo, H. L., 1967, Phys. Rev., 
154, 424. 
Meyerhoff, R. W. and Smith, J. F. , 1963, Acta Met., 11^, 529. 
Moore, A., Graham, J., Williamson, G. K. and Rayiior, G. V,, 
1955, Acta Met., 579. 
Moore, W. J., 1966, Physical Chemistry, 4th edition (Longmans, 
Londoîi) . 
Novotny, D. B. and Smith, J. F., 1965, Acta Met., 1^, 881. 
Pahlman, J. E., 1968, Thermal Expansion of Single Crystalline 
In-Tl Alloys from 4.2^ to 273.2"k. Unpublished Master's 
Thesis, /iiiies, Iowa, Library, Iowa State University. 
Pahlman, J, E. and Smith, J. F. , 1968, J. Less-Coiiunon Metals, 
16, 397. 
59o 
Poll.ock, J. T. A. and JCiiig, H. W. , 1968, J. Mater. Sci., 3, 
372. 
Prcdc,]., 196'l, Z. Mctl.allkvnda, 55, 117. 
rrcdc.l, B. and Fjv.aui, A., 1967, J. Icss-CoiiT.non Metals, 18, 385 
rredc.l, !.. and Moha, U,', 1969, J. Lcss-Coifinion Metals, 18' 
Rccd-lli].l, R. E. , 1964, O"»- Va' 
M o) "S t. rand Company, Inc., New York) . 
Rnlf:, D. C. , 1970, Heat Capacities of Four Rare. Earth Tri-
ch]-or;ide ITcxaliydi-ates. llnpnblif.;Ucd I'h.l). Thesis, Auies, lov^n, 
Li]jrary, lov/a State University. 
8chwart%, R. G. , Chung, P. L. , Gerstc.in, 15. C. and Daniels on, 
G. Ih , ISU, Thermal and Elastic Study of II-IV Seiaicondnctors 
To be published ca, 1970, 
Skochdopole, R. E. , 195/|, l.ov? Tcviii)erature Heat Oapac' jJ ies_ of 
Tborin;ri, G cadi, in in m, and Er]>.mir.. UnpulO.ished ]>h. D, Tlicsis, 
Allies, Iowa, Library, Iowa State University. 
Stout, J. W., 1948, Pliys. Rev. , 7{t, 60S. 
Stout, J. W. and Guttman, L. , 3.952, Phys. Rev., 88, 71.3. 
Swenson, 0., 1968, j. Phys. Chc.in. Soln.dd., ?^9, 1337. 
Tomasch, \L J., 1958, Pliys. Rev., ].09, 69. 
Toiaasch, VJ. J. otkI Reitx, J. R. , 1958, Phvs. Rev., ]J.l, 75/ 
Tsclietter, M. and Banks, C. , ISU, Determination of In and T1 
In T1 Alloys, (ca. 1970). 
Veclislei.-, M. S. , I.ieberman, D. S. and Read, T. A., 1953, 
Trans. AIME, ]^97, 1503. 
Westruin, E. , Jr., RiruTcawa, G. T. and Me.Cullougb, J. P., 
1968, Adial.atic Low-Temperature Caloriine.try in Experimental 
Thermodynauiics, MeCullogh, J. P. and Scott, D. W. , eds. 
(Butterworths, London), pp. 133-2'J,4. 
West)mil, E. F. , Jr., 196]., Ad van. Ci-yogenic Eng., 1, 1. 
59b 
Youcudl:su, K. , Takano, K. , Hishly.uaa, Y. , Matsuda, T. and 
Shlozaki, I., 19G5, J. Phys, Soc. Jap., 20, 1797. 
Zencr, C. , 19'l8, Elasticity and Anola.s ticity oE Metals (Uni­
versity oE Chi-c<'!go Press, Ghj.cago). 
60 
APPENDIX I 
Experimental Heat-Capacity Data 
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rabl e 7. Experimental heat-capacity data® for 34. 6" at . % ' 
alloy (Joules/mole-°K) (°C = 273 .15°%) 
AT AT % 
Run 1^ Run 3 
5.229 0.795 0.435 99.364 7.287 23 .748 
6.246 1.207 0.661 107.720 9.428 24 .037 
7.582 1.462 1.085 117.462 10.052 24 .327 
9.143 1.680 1.731 127.380 9.779 24 .626 
10.646 1.374 2.479 137.063 9.587 24 .863 
11.954 1.224 3.314 147.183 10.654 25 .057 
13.219 1.307 4.135 170.296 11.162 25 .480 
14.638 1.519 5.068 204.088 10.790 25 .923 
16.251 1.702 6.070 215.833 12.239 26 .458 
18.016 1.820 7.169 227.835 11.894 27 .588 
19.924 1.995 8.326 239.670 11.788 27 .7 56 
21.993 2.143 9.517 250.666 10.239 27 .405 
24.209 2.292 10.823 260.764 10.223 27 .292 
26.526 2.330 11.934 270.881 10.098 27 .769 
31.514 2.747 14.147 281.332 10.829 27 .819 
34.276 2.775 15.192 292.111 10.760 27 .964 
37.365 3.406 16.200 302.837 10.718 27 .992 
45.296 4.245 18.327 
49.386 3.935 19.177 Run 4 
53.201 3.969 19.882 81.029 
96.198 
22 
23 
.804 
.608 
56.806 3.512 20.421 4.415 7.309 
Run 2 103.441 7.175 23 .874 112.007 9.946 24 .155 
50.406 4.325 19.413 131.372 7.547 24 .697 
54.908 4.677 20.120 139.316 8.346 24 .903 
59.495 4.495 20.814 150.305 13.635 25 .141 
63.878 4.269 21.362 163.805 13.367 25 .350 
68.060 4.092 21.791 174.007 7.037 25 .534 
72.084 3.952 22.102 181.019 6.982 25 .648 
77.139 6.156 22.515 187.981 6.936 25 .740 
84.182 7.925 23.030 194.904 6.895 25 .809 
92.281 8.272 23.445 201.800 6.850 25 .928 
®Not corrected for curvature. 
^At. wt. In = 114.81%; at. wt. T1 = 204.37g; alloy wt. = 
399.69g; mol. wt. = 146g. 
^A run is defined as a series of measurements made in one 
24-hour period. Runs are numberc'd ciironologically. 
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Table 7. Covitinuo-d 
Tav( % 
Run 5 
-
211. 275  11 .622  26 .337  
222 .  219  10.509 27 .441  
233 .  380  12,023 27 .618  
245 .  290  11 .945  27 .662  
256 .  409 10 .298  27 .774  
267 .  068  11 .046  27 .801  
277 .  690  10 .234  27.704 
288 .  639  11.717 27 .923  
300. 315  11 .689  27 .858  
Ru n 6  
6 .  088  1.457 0.547 
7 .  083  1 .005  0 .788  
8 .  360  1.599 1 .374  
9 .  690  1.108 1 .990  
10. 940  1 .375  2 .682  
12, 427 1.604 3 .588  
14 .  019  1.611 4 .647  
15. 697  1.733 5.456 
17. 334  1 .782  6.573 
19. 168  1.876 7 .839  
21. 106 2.010 9.015 
23. 235  2 .248  10 .202  
25. ,553 2 .389  11.438 
27. , 901  2.306 12 .666  
30. 350  2.525 13.658 
32, . 949  2.674 14.710 
35. ,818 3 .062  15.708 
39 .  , 144 3 .592  16.773 
42, . 867  3.854 17.761 
47, .001 4 .415  18.683 
51 ,  .332  4 .252  19.535 
56, . 378  5 .842  20 .362  
61 ,  .642  4 .687  21.065 
66, . 568  5.164 21 .629  
73, . 396  8 .495  22 .221  
°K)  AT C 
'P 
Run 7 
168. 108 10 .389  25 .  461 
177. 584 8.560 25. 619  
183. 997  4.252 25. 694 
191. 189 10 .139  25. 761 
198. 375  4 .197  25. 870  
203. 872  6 .694  25. 948  
207. 669  0 .861  24. 902  
213. 539  10 .878  26 .  187  
220. 992  4.123 26 .  669  
225 .  041 4 .067  27. 277  
229 .  052  4.033 27. 609  
235 .  056 8.033 27. 715 
242 .  261 6.400 27. 796  
247. 417 3 .986  27. 747 
253. 778 8.740 27 .  817  
260 .  126 3.973 27. 699  
266 .  459  8.711 27 .  773  
275 .  145 8 .705  27 .  664  
285. 359  11.783 27. 902  
297 .  002 11.520 27. 916  
Run S 
243. 992  3 .259  27, , 802  
248. 470 5.708 27 .  ,702  
254. 994 7 .364  27. 793  
263 .  159 8.988 27 .  ,745 
269 .  675  4.068 27, , 863  
273 .  ,712 4.076 27. , 692  
278 .  ,988  6.503 27. , 763  
287 .  ,479 10.517 27  .892  
295  .134 4 .849  27, . 831  
304, . 778  14.494 27, . 954  
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Table 8. Experimental heat-capacity data^'^ for 28.9-at. % T1 
alloy (Joules/mole-^K) (^C = 273.15°K) 
°K)  &.T C 
P  
Run ]/' 
7. 464 1 .672  1. 012 
9. 182 1.735 1. 708  
10. 883  1.649 2. 588  
12. 573  1.719 3. 610 
14. 359  1 .849  4. 793  
16. 307 2.005 5 .  982  
18. 552 2.439 7. 352  
21. 272  2 .980  8 .925  
24. 407 3.271 10. 638  
27. 861 3 .628  12. 331 
31. 617 3 .883  13. 976  
35. 269  3.419 15. 404 
38. 837  3.708 16. 528  
42. 707 4.030 17. 579 
46. 931 4.419 18. 571 
51. 836  5.387 19. 561 
57. 317 5.578 20. 438 
63. 143 6.073 21 .  255 
Run 2 
77. 664 1.155 22 .  642 
81. 599  6.712 23. 040 
89. 004 8.097 23. 327  
97. 310 8 .532  23. 776  
107. 219  11.260 24. 127 
117. 452 9.205 24. 441 
126. 539 8.967 24. 742 
AT 
Run 3 
57. 182 5.787 20 . 420  
63 .  l'-:7 6.143 21 . 259  
69. 727 7.017 21 . 941 
75. 095 3.716 22 . 425  
78. 764 3 .612  22 . 683  
82 .  328  3.512 23  .029 
85. 801 3.433 23  . 245 
89 .  201 3.365 23  .425 
92 .  534 3 .298  23  .685  
98 .  788  9.207 23 . 835  
Run 4 
106 .  658  6.498 24 .101 
114. 690 9.563 24 . 365  
123. 089 7.249 24 .641 
131. 776 10.118 24 . 865  
141 .  788  9.904 25 .152 
151. 606 9 .728  25 . 387  
161. 753 10.541 25 .611 
172. 219 10.385 25 .741 
182, 564 10 .274  25 . 877  
192. 794  10.1/2 25 . 995  
202. 965 10.086 26 . 109  
212. 631 9.070 26  .359  
221. 631 8 .889  27 . 167  
230. 44.0 8.759 27 . 792  
239 .  175 8.730 27 . 867  
247. 836 8.704 27 .845 
256 .  492 8 .628  27 . 874  
265. 084 8.582 27 . 866 
Not corrected for curvature. 
^At, wt. In = ].14,8]g; at. wt. T1 = 204.37g; all oy wt. = 
352.5g; mol. wt. = 140g. 
run ir, defined as a series of measurements made in one 
24-hour pcfiod. Runs are numbered clironol ogi cally. 
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Table 8.. Contimic.d 
( °K)  Aï C av  
'P 
273 .  642  8 .560  27 .  850  
282 .  162  8 .511  27 .  936  
290 .  631  8 .461  28 .  098  
299 .  911  10 .133  28 .  019  
Ri  m 5  
137 .  286  10 .093  25 .  033  
146 .  295  7 .917  25 .  257  
155 .  616  10 .727  25 .  398  
188 .  061  10 .303  25 .  953  
197 .  868  9 .282  26 .  904  
207 .  611  10 .116  26 .  198  
217 .  172  8 .994  26 .  967  
225 .  642  7 .935  27 .  843  
234 .  433  9 .653  27 .  895  
243 .  632  8 .758  27 .  796  
252 .  354  8 .725  27 .  833  
261 .  052  8 .701  27 .  823  
Run 6  
8 .  262  1 .889  1 .  313  
10 .  019  1 .605  2 .  089  
11 .  441  1 .283  2 .  919  
13 .  174  2 .175  3 .  988  
15 .  327  2 .137  5 .  361  
17 .  567  2 .343  6 .  744  
20 .  169  2 .856  8 .  295  
23 .  175  3 .151  10 .  004  
26 .  338  3 .176  11 .  596  
29 .  834  3 .824  13 .  222  
33 .  416  3 .339  14 .  701  
36 .  881  3 .591  15 .  931  
40 .  728  4 .1 .04  17 .  051  
46 .  486  7 .413  18 .  490  
54 .  688  8 .988  20 .  023  
60 .766  3 .169  21 .  003  
66 .  231  7 .743  21 .  614  
72 .  304  4 .402  22 .  158 
75 .  774  2 .532  22 .  538  
77 .  615  1 .149  22 .  690  
80 .  215  4 .044  22 .  809  
84 .  199  3 .921  23 .  191  
TAV('K) AT G 
88 .  080  3 .  830  23 .  566  
90 .  720  1 .  450  23 .  515  
94 .  674  6 .  463  23 .  664  
i_7  
74 .  290  3 .  033  22 .  288  
76 .  561  1 .  509  22 .  540  
77 .  831  1 .  033  22 .  644  
78 .  952  1 .  205  22 .  662  
80 .  187  1 .  267  22 .  775  
81 .  264  0 .  882  22 .  948  
82 .  143  0 .  875  23 .  060  
83 .  067  0 .  971  23 .  026  
84 .  505  1 .  971  23 .  112  
86 .  485  2 .  041  23 .  290  
88 .  011  1 .  011  23 .  568  
89 .  020  1 .  005  23 .  426  
90 .  519  1 .  991  23 .  562  
92 .  009  0 .  989  23 .  610  
92 .  982  0 .  957  24 .  800  
94 .  001  1 .  079  23 .  671  
95 .  615  2 .  148  23 .  642  
97 .  221  1 .  064  23 .  775  
133 .901  
136 .624  
144 .573  
Run 8  
1 .414  
4 .027  
11 .872  
Run 9  
24 .889  
25 .007  
25 .215  
70 .  856  0 .251  22 .  055  
71 .  158  0 .354  22 .  083  
71 .  570  0 .470  22 .  084  
72 .  098  0 .586  22 .  101  
72 .  682  0 .582  22 .  135  
73 .  265  0 .581  22 .  102  
73 .  844  0 .578  22 .  211  
74 .  422  0 .576  22 .  197  
74 .  997  0 .567  22 .  515  
75 .  565  0 .567  22 .  521  
76 .  131  0 .566  22 .  472  
76 .  694  0 .560  22 .  662  
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Table 8. Continued 
AT G 
P  TAV(°K) AT % 
77 .333  0 .716  22 .621  94 .670  1 .275  23 .  550  
78 .047  0 .711  22 .723  95 .640  0 .778  23 .  67U 
78 .619  0 .426  22 .623  96 .418  0 .775  23 .  726  
79 .201  0 .705  22 .825  97 .115  0 .618  23 .  749  
79 .767  0 .422  22 .753  97 .732  0 .619  23 .  717  
• 98 .476  0 .871  23 .  835  
Run 10  99 .345  0 .867  23 .  914  
80 .330  
81 .030  
0 .702  
0 .698  
22 .746  
22 .848  
100 .282  
101 .289  
1 .005  
1 .004  
23 .  
23 .  
979  
887  
81 .655  0 .554  22 .986  Run 11  82 .208  0 .551  23 .063  
82 .760  0 .549  23 .092  102 .350  1 .091  23 .  886  
83 .377  0 .683  23 .172  103 .437  1 .084  2 L \ .  002  
84 .069  0 .679  23 .252  104 .518  1 .079  24 .  056  
84 .740  0 .676  23 .289  105 .596  1 .076  24 .  038  
85 .417  0 .675  23 .225  111 .025  9 .778  24 .  249  
86 .092  0 .672  23 .291  119 .479  7 .127  24 .  543  
86 .466  0 .074  23 .252  127 .034  7 .978  24 .  752  
86 .540  0 .074  23 .013  140 .691  19 .340  25 .  081  
86 .614  0 .072  23 .221  153 .197  5 .672  25 .  361  
86 .763  0 .226  23 .266  164 .910  4 .645  25 .  556  
86 .989  0 .225  23 .310  170 .000  5 .530  25 .  713  
87 .215  0 .226  23 .320  185 .553  5 .443  25 .  878  
87 .440  0 .225  23 .377  190 .985  5 .410  26 .  010  
87 .665  0 .225  23 .433  195 .952  4 .497  25 .  942  
87 .889  0 .224  23 .506  200 .897  5 .360  26 .  125  
88 .656  1 .308  23 .491  209 .279  11 .310  27 .  253  
89 .540  0 .412  23 .482  221 .196  12 .069  27 .  387  
89 .951  0 .411  23 .469  233 .118  11 .916  27 .  783  
91 .120  0 .283  23 .677  242 .023  5 .931  27 .  827  
91 .405  0 .212  23 .513  246 .678  3 .392  27 .  682  
91 .652  0 .200  23 .648  250 .902  5 .069  27 .  808  
91 .858  0 .200  23 .593  255 .115  3 .371  27 .  870  
92 .058  0 .200  23 .576  259 .318  5 .052  27 .  828  
92 .259  0 .199  23 .583  263 .522  3 .361  27 .  862  
92 .459  0 .199  23 .617  267 .713  5 .031  27 .  906  
92 .658  0 .199  23 .744  271 .480  2 .512  27 .  911  
92 .857  0 .198  23 .763  275 .662  5 .870  27 .  774  
93 .056  0 .198  23 .714  279 .842  2 .511  27 .  790  
93 .256  0 .199  23 .691  284 .005  5 .835  27 .  938  
93 .454  0 .198  23 .639  288 .986  4 .418  28 .  078  
93 .653  0 .238  23 .699  293 .121  4 .147  28 .  010  
93 .872  1 .257  23 .618  297 .670  4 .973  27 .  957  
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Table 8. Continued 
T«v(°K) Op 
'  Run ]2  
48  . 630  0 .140  19 .004  
49  . 017  0 .633  18 .970  
53  .148  7 .630  19 .785  
59  . 149 4 .373  20 .678  
64  .597  6 .534  21 .430  
70  . 032  2 .099  22 .037  
72  .113  2 .065  22 .131  
73  . 669  1 .043  22 .182  
74  . 708  1 .032  22 .382  
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Table 9. 
Tav(°K) AT Cp 
Run 1^ 
6.010 2.768 0. 571 
8.340 1.878 1. 267 
10.027 1.570 2. 006 
n..440 1.313 2. 794 
14.956 2.067 4. 945 
17.184 2.395 6. 279 
Run 2 
5.554 3.015 0. 461 
8.139 2.116 1. 189 
9.990 1.588 2. 000 
11.449 1.306 2. 788 
13.021 1.843 3. 716 
15.004 2.130 4. 939 
17.295 2.452 6. 307 
19.917 2.795 7. ,860 
22.810 2.989 9. 471 
25.860 3.108 11. ,051 
32.233 2.945 13, 927 
35.299 3.188 15, ,069 
38.751 3.719 16, 171 
50.609 3.833 19, 131 
Run 3 
5.432 2.471 0 .599 
7.691 2.141 1 .026 
9.539 1.554 1 .781 
10.960 1.265 2 .499 
12.392 1.597 3 .378 
14.189 1.926 4 .468 
ty data ' for 18.8-at. % 7. 
°C = 273.15 °K) 
°K) AT C av P 
18. 864 2.569 7. 239 
21. 221 2.140 8. 599 
23. 849 3.117 10. 025 
26. 744 2.674 11. 473 
29. 721 3.282 12. 855 
33. 979 5.234 14. 551 
38. 332 3.474 15. 852 
43. 109 6.081 17. 493 
48. 430 4.560 18. 651 
53. 236 5.051 19. 519 
58. 396 5.269 20. 394 
63. 500 4.940 21. 134 
Run 4 
81. 220 8.253 22. 774 
89. 280 7.845 23. 303 
96. 455 6.502 23. 593 
115. 141 12.021 24. ,350 
126. 010 9.713 24. ,693 
135. ,610 9.490 24. ,992 
145. 020 9.323 25. ,183 
154. ,714 10.088 25, .392 
164. 726 9.937 25, .584 
175. 048 10.702 25 .770 
185. 693 10.583 25. 963 
196. 262 10.517 25, .974 
206, .983 10.374 26 .414 
217, .139 10.165 27, .195 
Run 5 
239 .629 11.660 27 .529 
251 .657 12.425 27 .516 
®Not corrected for curvature. 
^At. wt. In = 114.81g; at. wt. T1 = 204.37g; alloy wt. = 
366.5g; mol. wt. = 132g. 
^A run is defined as a scries of measurements made in one 
24-hour period. Runs arc numbered chronologically. 
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Table 9. Continued 
Tav( °K)  AT C P  
263 .  119  11 .  501  27 .  557  
274 .  595  11 .  471  27 .  693  
286 .  405  12 .  154  27 .  815  
298 .  515  .  12 .  105  27 .  856  
Run __6  
83 .  749  10 .  305  22 .  920  
92 .  711  7 .  615  23 .448  
100 .  717  8 .  395  23 .  831  
109 .  986  10 .  142  24 .  153  
120 .  454  10 .  791  24 .  515  
130 .  559  9 .  hll 24 .  816  
139 .  956  9 .  376  25 ,  096  
149 .  718  10 .  124  25 .  352  
159 .  769  9 .  968  25 .  518  
170 .  129  10 .  725  25 .  760  
190 .  940  9 .  622  26 .059  
200 .  987  10 .  410  26 .  179  
Run 1 7  
211 .  798  11 .  049  • 26 .  813  
223 .  057  11 .  684  27 .  423  
234 .  268  10 .  795  27 .  399  
245 .  437  11 .  564  27 .  462  
256 .  926  11 .  507  27 .  548  
268 .  840  12 .  260  27 .  630  
280 .  655  11 .  394  27 .  665  
292 .  391  12 .  116  27 .  881  
304 .  457  12 .  047  27 .  998  
?av(°K) Cp 
Run 8  
11 .  916  2 .  416  3 .  061  
15 .  154  2 .  477  5 .  026  
17 .  946  3 .  104  6 .  688  
21 .  273  3 .  547  8 .  626  
24 .  497  2 .  901  10 .  358  
27 .  771  3 .  644  11 .  925  
31 .  164  3 .  145  13 .  489  
33 .  815  2 .  159  14 .  417  
36 .998  4 .  209  15 .  618  
40 .  535  2 .  865  16 .  735  
44 .463  4 .  991  17 .  696  
54 .  206  14 .  496  19 .  664  
63 .  376  3 .  844  21 .  068  
67 .  741  4 .  887  21 .  602  
73 .  662  6 .  956  22 .  115  
79 .900  5 .  520  22 .  633  
87 .  384  9 .  447  23 .  241  
96 .  125  8 .  032  23 .  627  
105 .  274  10 .  270  23 .  991  
152 .  458  10 .  025  25 .  404  
162 .  414  9 .  878  25 .  570  
172 .  241  9 .  760  25 .  720  
182 .  818  11 .  394  25 .  912  
193 .  736  10 .406  26 .  059  
203 .  270  8 .  593  26 .  244  
214 .  323  13 .  475  26 .  974  
236 .  804  11 .  576  27 .  422  
247 .  937  10 .  704  27 .  422  
259 .  827  13 .  103  27 .  506  
Run 9  
271 .  972  11 .  420  27 .  641  
282 .  945  10 .  548  27 .  745  
295 .  061  13 .  710  27 .  884  
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lliermoclyn ami c l\inc t i ons 
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Table 10. Thermodynamic functions'^'^ for 3^1. G-at. % T1 alloy 
(Joule.s/niole-°K) (0°C = 273.15°K 
T(°K) Cp s; ^(lI^.irVT -(G°.]r)/T 
6  0.570^ 0 .357  0.210 0 .147  
8  1.133 0.590 0 .363  0 .227  
10 2.133 0.943 0.610 0.332 
12 3.340 1.437 0.963 0 .473  
14 4.633 2 .067  1 .412  0 .655  
16 5.923 2 .770  1 .896  0.874 
18  7 .152  3 .539  2.411 1.127 
20  8 .357  4 .354  2 .946  1.409 
24  10.674 6 .087  4.045 2 .043  
28  12.709 7 .890  5.141 2 .749  
32  14.358 9 .699  6.194 3.505 
36 15.778 11.473 7 .181  4.292 
40  17.013 13.201 8.104 5.097 
44  18.032 14.872 8 .962  5.910 
48 18.917 16 .480  9 .755  6 .724  
50  19.307 17 .260  10 .130  7.130 
60  20 .859  20 .926  11 .796  9.129 
70  21.952 24.228 13.174 11.054 
80  22 .732  27.213 14.322 12 .891  
90  23.313 29 .925  15 .290  14.635 
100  23.761 32 .405  16.116 16.290 
120 24 .406  26 .798  17.447 19.351 
140 24.908 40 .599  18.478 22.121 
160  25 .300  43 .951  19.307 24 .644  
180  25.637 46.951 19.992 26 .959  
200°  25 .893  49 .665  20.570 29 .096  
204  25.966 50 .179  20 .675  29 .504  
208 26 .131  50 .684  20.778 29 .907  
212 26.401 51 .184  20 .881  30 .304  
216 26.806 51.681 20 .986  30 .695  
220 27.251 52 .177  21 .096  31.081 
224 27 .518  52.671 21.209 31.462 
^Not curvaturc corrcctcd. 
^At. wt. In = 114.81g; at. wt. TI = 204.37g; alloy wt. = 
399.69g; mol. wt. = 145g. 
^Extrapolated to O^K. 
"^Values for 200-240"K region are those of highr^st smooth 
curve through the region. 
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(°K 
228 
232  
23G 
240  
242  
244  
246  
248 
250  
252  
254  
256  
258  
2 GO 
262 
264  
266 
268 
270  
272  
274  
276  
278  
280 
282 
284 
286 
288 
290 
292  
294 
296  
298  
300 
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Cont inucd 
27 .640  
27 .700  
27 .730  
27 .750  
27 .743  
27 .708  
27 .671  
27 .683  
27 .730  
27 .788  
27 .819  
27 .787  
27 .736  
27 .707  
27 .692  
27.703 
27 .758  
27 .857  
27 .837  
27 .742  
27 .682  
27 .669  
27 .711  
27 .792  
27 .842  
27 .852  
27 .859  
27 .869  
27 .877  
27 .886  
27 .896  
27 .903  
27 .911  
27 .916  
53.159 
53.641 
54.114 
54.581 
54 .811  
55 .039  
55 .265  
55 .489  
55 .712  
55.933 
56 .153  
56.371 
56 .587  
56 .801  
57 .013  
57 .224  
57.433 
57 .641  
57 .848  
58 .053  
58 .256  
58 .459  
58.657 
58.856 
59.054 
59 .251  
59 .447  
59 .641  
59.834 
60.025 
60.216 
60.405 
60.593 
60.779 
21.321 
21 .430  
21 .537  
21 .640  
21 .691  
21 .740  
21 .789  
21 .836  
21 .883  
21 .930  
21.976 
2 2 . 0 2 1  
22 .066  
22.109 
22 .152  
22 .194  
22 .236  
22 .277  
22 .318  
22 .359  
22 .398  
22 .436  
22 .474  
22 .511  
22 .549  
22 .586  
22 .623  
2 2 . 6 6 0  
22 .696  
22 .731  
22 .766  
2 2 . 8 0 1  
22 .835  
22 .869  
-(cO-lf)/'!' 
31 .838  
32 .210  
32 .577  
32 .940  
33 .120  
33 .299  
33 .476  
33 .653  
33 .829  
34 .003  
34 .177  
34 .349  
34 .521  
34 .691  
34 .861  
35 .030  
35 .197  
35 .364  
35.530 
35 .695  
35 .859  
36 .022  
36 .184  
36 .345  
36 .505  
36 .665  
36 .823  
36 .981  
37 .138  
37 .294  
37 .450  
37 .604  
37 .758  
37 .911  
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Table 11. Thermudynamic functions^'^ for 28.9-at. % T1 alloy 
(Joules/uiolc-°K) (0°C ^ 273.15°K) 
T(°K)  
S 
s" 
5  O.544C 0 .184  0 .136  0.043 
8 1.213 0.426 0.316 0.110 
10 2.116 0 .789  0,581 0 .207  
12 3 .262  1.273 0.930 0 .343  
14 4. 558 1 .871  1.354 0 .517  
16 5.796 2.561 1 .833  0 .729  
18 7.012 3 .314  2,340 0.974 
20  8.201 4.116 2 .868  1.248 
24 10.426 5 .811  3.945 1 .865  
28  12.394 7 .568  5.014 2.554 
32 14 .132  9.340 6.048 3 .292  
36 15 .668  11.095 7.034 4.062 
40 16 .858  12 .810  7 .959  4 .851  
44 17.894 14.467 8,816 5.650 
48 18.810 16 .064  9,612 6 .452  
50 19.227 16.840 9 .988  6 .852  
60  20 .839  20 .494  11.660 8 .826  
70^ 21.994 23 .801  13 .068  10.733 
80 22 .826  26 .795  14.238 12.557 
90 23 .421  29.520 15 .227  14 .293  
100 23 .859  32 .011  16.069 15 .942  
120 24.547 36 .424  17.427 18.997 
140 25 .092  40.249 18.484 21 .766  
160 25 .527  43.630 19.338 24.292 
180 25.854 46.656 20 .045  26.611 
200^ 26 .082  49 .392  20 .638  28.755 
^Not curvature corrected. 
^At. wt. In = 114 . 81g; at. wt. T1 = 204. 37g; alloy 
352.5g; mol. wL. = 140g. 
^Extrapolated to 0°K. 
Values for 70-100^K region obtained from a smooth curve 
through the region. 
^Values for 200-236^K region are those of higliest smooth 
curve through the region. 
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Table 11. Continued 
T(°K)  C 
P  
1 1 1 
204 26.465 49.912 20 .747  29 .164  
208 27.154 50 .433  20 .865  29 .568  
212 27.311 50.953 20 .986  29 .967  
216 27 .321  51.463 21.103 30 .360  
220 27.364 51.965 21.216 30 .749  
224 27.472 52.459 21.327 31 .132  
228  27.615 52.946 21.436 31 .510  
232  27 .756  53 .428  21 .544  31.884 
236^ 27.844 53.903 21 .650  32 .253  
238 27.858 54.138 21.702 32.436 
240 27.853 54 .371  21.753 32.618 
242 27.829 54.602 21 .803  32 .799  
244 27.779 54.831 21.853 32 .979  
246 27.743 55.058 21.901 33.157 
248 27.740 55.282 21.9'i8 33 .335  
250 27.771 55.505 21.994 33 .511  
252 27.827 55.727 22.040 33 .687  
254  27.856 55.947 22 .086  33 .861  
256  27.858 56.165 22.131 34 .034  
258 27.861 56 .382  22.175 34.207 
260  27.863 56,597 22 .219  34.378 
262 27.868 56.811 22 .262  34 .549  
264  27.871 57.023 22 .305  34 .718  
266 27.876 57.233 22.347 34.887 
268 27.881 57.442 22 .388  35 .054  
270 27 .887  57.649 22 .429  35.221 
272 27.880 57.855 22 .469  35 .386  
274 27.834 58,059 22 .508  35.551 
276 27.770 58 .261  22.546 35.715 
278  27.758 58,462 22.584 35.878 
280 27.797 58.661 22.621 36.040 
282 27.888 58 .859  22 .658  36 .201  
284 27.973 59.056 22 .695  36.361 
286  28.042 59.253 22.732 36 .521  
288  28 .088  59.448 22 .769  36.679 
290 28.093 59 .643  22 .806  36 .833  
292  28 .040  59 .836  22 .842  36 .994  
294 27 .999  60 .027  22.877 37 .150  
296 27 .978  60.217 22.912 37.305 
298 27 .983  60 .405  22.946 37 .459  
300 28.015 60 .592  22.979 37.613 
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Table 12. Thermodynamic functions^'^ for 18.8-at. % T1 alloy 
(Joules/mole-°K) (0°C = 273.15°K) 
T(°K) Cp S° "(1I°-11°)/T 
6 0.572^ 0.320 0.201 0.119 
8 1.125 0.553 0.356 0.196 
10 2.000 0.893 0.593 0.300 
12 3.138 1.355 0.920 0.435 
14 4.343 1.929 1.323 0.606 
16 5.538 2.587 1.775 0.812 
18 6.718 3.308 2.259 1.049 
20 7.905 4.077 2.764 1.313 
24 10.112 5.716 3.808 1.909 
28 12.073 7.425 4.850 2.574 
32 13.822 9.154 5.865 3.289 
36 15.299 10.8G9 6.833 4.036 
40 16.565 12.542 7.739 4.803 
44 17.676 14.175 8.593 5.581 
48 18.570 15.752 9.389 6.363 
50 18.963 16.518 9.764 6.754 
60 20.602 20.128 11.441 8.687 
70 21.792 23.397 12.838 10.559 
80 22.678 26.368 14.016 12.352 
90 23.321 29.078 15.016 14.062 
100 23.780 31.560 15.870 15.690 
120 24.502 35.962 17.251 18.711 
140 25.083 39.785 18.330 21.454 
160 25.540 43.165 19.204 23.961 
180 25.888 46.302 20.029 26.273 
190 25.989 47.704 20.340 27.364 
I96r 26.052 48.513 20.514 27.999 
200 26.130 49.040 20.625 28.415 
204 26.267 49.559 20.734 28.824 
208 26.489 50.071 20.843 29.228 
212 26.795 50.578 20.952 29.626 
^Not curvature corrected. 
^At. wt. In = 114.81g; at. wt. T1 = 204.37g; alloy wt. = 
36G.5g; mol. wt. = 132g. 
^Extrapolated to 0°K. 
^Values for 19G-220*^K region are those of highest smooth 
curve through the region. 
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Table 12. Continued 
o
 
C P 
ÇO 
T -(HJ-H°)/T 
216 27.094 51.082 21 .063  30 .019  
220 27.301 51 .581  21.175 30 .406  
224 27.411 52 .074  21 .285  30 .789  
226  27.426 52.318 21.340 30 .978  
228  27 .429  52 .560  21 .393  31 .167  
230  27.431 52 .799  21 .446  31 .354  
232  27 .433  53.037 21.497 31.540 
234  27.439 53 .272  21.548 31 .724  
236 27 .442  53.506 21.598 31.905 
238  27 .449  53.737 21.647 32 .090  
240 27.452 53 .967  21.695 32 .272  
242 27.460 54 .195  21.743 32.452 
244 27 .466  54 .421  21.790 32 .631  
246 27.473 54 .645  21 .836  32 .809  
248 27.480 54 .868  21 .881  32 .986  
250 27 .4S9  55 .088  21.926 33 . ]%2 
252 27 .499  55 .307  21 .970  33  337  
254  27 ,509  55  525  22.014 • 33.511 
256 27 .520  55 .741  22 .057  33 .684  
258  27.532 55 .955  22.099 33 .856  
260 27 .547  56 .168  22.141 34 .026  
262  27 .559  56 .379  22 .182  34 .196  
264 27 .574  56.740 22.375 34 .366  
266  27 .589  56 .949  22.414 34 .535  
268  27 .604  57.155 22.453 34.703 
270 27 .621  57.361 22 .491  34.870 
272 27 .638  57.564 22.529 35.036 
274 27.654 57 .767  22.566 35.201 
276  27.673 57 .968  22.603 35 .365  
278 27 .692  58 .168  22 .639  35 .529  
280 27.713 58 .367  22 .676  35.691 
282 27.732 58.564 22 .711  35 .853  
284  27.753 58.760 22.747 36.013 
286  27 .772  58 .955  22 .782  36.173 
288  27.791 59 .148  22.817 36 .332  
290 27.814 59 .341  22.851 35 .490  
292  27 .835  59 .532  22 .885  36.647 
294  27.854 59.722 22 .919  36 .803  
296  27.877 59.911 22 .952  36 .959  
298  27 .899  60 .099  22.985 37.114 
300 27.919 60 .285  23.018 37 .267  
